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Substrate-binding proteins (SBPs), and substrate-binding do-
mains (SBDs), form a class of proteins (and protein domains) that
are often associated with membrane protein complexes for trans-
port or signal transduction. SBPs were originally found to be asso-
ciated with prokaryotic ATP-binding cassette (ABC)-transporters
[1–5], but have more recently been shown to be part of other
membrane protein complexes as well, such as prokaryotic tripar-
tite ATP-independent periplasmic (TRAP)-transporters [6,7],
prokaryotic two-component regulatory systems [8], eukaryotic
guanylate cyclase-atrial natriuretic peptide receptors [9,10],
G-protein coupled receptors (GPCRs) and ligand-gated ion channels
[11]. In addition, SBP domains are part of prokaryotic DNA-binding
proteins involved in gene regulation [12–14]. SBPs vary in size
from roughly 25–70 kDa, and despite little sequence similarity
their overall three-dimensional structural fold is highly conserved.
The core of all SBPs consists of two structurally conserved domains
[5], connected by a hinge region. Substrates binding takes place be-
tween the two domains, and stabilize a closed conformation of the
proteins in which the domains are tightly packed together with the
substrate buried at the interface. A schematic overview of mem-
brane protein complexes containing SBPs is shown in Fig. 1. Thechemical Societies. Published by Etypical SBP found among transcriptional regulators, such as the
lac-repressor, is not shown in the ﬁgure.
2. SBP-dependent transport proteins
ABC-transporters exist in all three kingdoms of life and trans-
port a large variety of substrates across biological membranes.
Based on the direction of transport, ABC transporters can be classi-
ﬁed as exporters or importers. Both consist of two nucleotide-bind-
ing domains (NBD) and two transmembrane domains (TMD)
[15,16] (Fig. 1A and B). In the case of ABC importers, which are
found in prokaryotes only, a ﬁfth domain is part of the functional
unit, the SBP. SBPs bind their ligands with high afﬁnity and deliver
them to the translocator (the TMDs), where the substrate is re-
leased into the translocation pore upon ATP binding and hydrolysis
in the NBDs [17]. Substrate-binding proteins (SBPs) are located in
the periplasm of Gram-negative bacteria or lipid-anchored or fused
to the TMD in the case of Gram-positive bacteria and Archaea [18].
ABC importers with fused substrate-binding proteins can also be
found in Gram-negative bacteria, however less frequently than in
Gram-positives [18]. Although SBPs are essential for transport for
the large majority of prokaryotic ABC importers, a new family of
prokaryotic ABC transporters was discovered recently that does
not require a SBP [19,20]. Here, integral membrane proteins unre-
lated to SBPs bind the transported substrate with high afﬁnity (pM
to nM range) [21,22].lsevier B.V. All rights reserved.
Fig. 1. Schematic overview of SBP-dependent membrane proteins. (A) ABC importer with the SBP in the periplasm (in Gram-negative prokaryotes), or with a lipid-anchored
SBP (in Gram-positive bacteria or archaea). The nucleotide-binding domains (NBD) hydrolyze ATP to drive the transport of the substrate over the membrane. (B) ABC importer
in a prokaryote with the SBD fused to the TMD, yielding two SBDs per transporter complex. Some transporters have more than one SBD fused per transmembrane domain
(TMD), forming a total of four SBDs per functional unit [18], not shown in the ﬁgure. (C) TRAP transporter that can have either lipid-anchored or periplasmic SBP. (D)
Schematic of a Guanylate Cyclase-Atrial Natriuretic Peptide Receptor, with a SBD, a single transmembrane helix and an intracellular domain (ICD) (dimeric structure). (E)
Ligand-gated ion channel, based on the ionotropic glutamate receptors (tetrameric structures), with at the top the ATD domains involved in the oligomerization of the
protein, below the ATD the SBDs (in these proteins often termed LBD). (F) G-protein coupled receptor with a cytoplasmic domain (CTD). The schematic is based on the
metabotropic glutamate receptors, which have been hypothesized to be functional dimers [61]. (G) Schematic of a two-component sensor kinase. Schematic based on data
available for the quorum sensing complex LuxPQ [8].
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transporters were discovered that rely on SBPs to import their li-
gands. The family was named tripartite ATP-independent periplas-
mic (TRAP)-transporters [23] (Fig. 1C). The membrane component
of these proteins usually consists of two subunits, a large subunit
with 12 predicted transmembrane helices and a small one with 4
predicted transmembrane helices, as in the case of DctQM
[23,24]. The transport of substrate is driven by electrochemical
gradients of H+ or Na+. In contrast to ABC-transporters, a single
TRAP-transporter may function as both importer and exporter. Fur-
thermore, it has been shown that the SBP of the sialic acid trans-
porter, SiaPQM, is required not only for substrate import but also
for export [7].
3. SBP-dependent channels, signal transducers
and regulator proteins
Some bacterial histidine–sensor kinase complexes, part of two-
component sensor kinase systems, also make use of substrate
binding proteins (Fig. 1G). An example is the autoinducer-2
(AI-2) binding protein, LuxP, which upon binding of AI-2 interacts
with the histidine-sensor kinase, LuxQ, an integral membrane pro-
tein. LuxQ is thought to be constitutively dimeric, similarly to other
two-component sensor kinases [25]. The binding of AI-2 plays a
role in the quorum sensing of bacteria [8]. Guanylate cyclase-atrialnatriuretic peptide receptors are a class of eukaryotic receptors,
which are responsible for body ﬂuid homeostasis as well as for
control and regulation of blood pressure. They consist of an extra-
cellular ligand-binding domain (SBD), homologous to bacterial
SBPs [9], a single membrane spanning helix and an intracellular
domain (Fig 1D). Functionally these proteins form homodimers
or homotetramers [26].
Two other membrane protein complexes that contain SBDs are
eukaryotic ionotropic and metabotropic glutamate receptors
(Fig. 1E and F). Ionotropic glutamate receptors (iGluR) belong to
the family of ligand-gated ion channels, with two well-studied
examples being GluA2 and GluR2 from Rattus norvegicus [11,27].
The SBD in these proteins is built of two half domains, which are
separated in primary sequence. Ligand binding induces a confor-
mational change, which subsequently leads to channel opening.
Ionotropic glutamate receptors functions as tetramers [27]. The
metabotropic glutamate receptors (mGluR) are G-protein coupled
receptors, with an N-terminal SBD, followed by a transmembrane
domain and a regulatory cytosolic C-terminal domain. Upon ligand
binding, conformational changes lead to signal transduction.
Transcriptional regulators, like the lac-repressor have a mini-
mum of two domains, a DNA-binding domain and a SBD [12–14].
Ligand binding to the SBD of these proteins alters the afﬁnity of
the DNA-binding domain to its cognate DNA sequence, thereby
regulating gene expression. This type of proteins forms either
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tetramers (as the lactose and fructose repressors [13,29]).
4. Overall structure of SBPs
The ﬁrst SBP crystal structure, the L-arabinose binding protein
(ABP), was solved in 1974 [30]. Many more have been elucidated
since then (Table 1). Overall the SBPs are built of two a/b domains,
with a central b-sheet of ﬁve b-strands ﬂanked by a-helices. The
two domains are connected by a hinge-region, with the ligand-
binding site buried in between the two domains. In the absence
of ligand, the protein is ﬂexible with the two domains rotating
around the hinge [31] and exists largely in the open conformation
with both domains separated [5] (Fig. 2). Upon substrate binding,
the closed conformation is stabilized, and the ligand is trapped
at the interface between the domains. This process has been called
the ‘‘Venus Fly-trap” mechanism [32].
Based on the available structures, SBPs have been postulated to
exist in four distinct structural states (Supplementary Fig. 1): (i)
open-unliganded (ii) open-liganded (iii) closed-unliganded and
(iv) closed-liganded. As stated above, SBPs mainly exist in the
open-unliganded state in the absence of substrate, with possibly
a small fraction in a closed-unliganded state [31,33]. In the pres-
ence of a substrate, the equilibrium between open and closed con-
formation shifts towards the closed-liganded state. The amount of
opening varies between different SBPs, e.g. as seen in the crystal
structures of BtuF and TroA [34,35], the rigid body rotation upon
opening may be only a couple of degrees for BtuF, or non-existing
as for TroA, but as large as 60 in LivJ [36]. However, most of the
values on the degree of opening originate from crystal structures
of the proteins in their apo state. The degree of opening is thus
likely to be inﬂuenced by the crystal packing, and does not neces-
sarily represent the maximal degree of opening in solution.
In 1999 Fukami-Kobayashi et al. classiﬁed SBPs into twodifferent
classes based on the connectivity of secondary structure elements
and especially the topology of the beta-sheets core in the domains
[37]. In Class I the sheet topology of both domains is b2b1b3b4b5
whereas Class II has b2b1b3bnb4 as topology, with n representing
the strand following theﬁrst cross-over fromtheN-terminal domain
to theC-terminal domain, or vice versa [37]. In Supplementary Fig. 2,
the differences in topology between the different classes are shown.
The hinge-region is generally formed by three connecting strands in
Class I and two connecting strands in Class II SBPs. Examples of pro-
teins belonging to Class I are the leucine/isoleucine/valine-binding
protein (LIVBP) [38] and the lysine-bindingprotein (LBP) [39]. Prom-
inent members of Class II are the histidine-binding protein (HisJ)
[40] and the oligopeptide-binding protein (OppA) [41]. Later, a third
class of SBPswasdeﬁned,with theﬁrst examplebeing TroA [42]. The
distinguishing feature of Class III SBPs is a single a-helix which
serves as the linker between the twoa/b domains. Proteins included
inClass III are thevitaminB12 bindingproteinBtuF [34] and theZinc-
binding protein TroA [42], which both exhibit very little domain
movement upon ligand binding [34,35]. The size of SBPs does not
correlate with the class to which it belongs, e.g., both OppA
(65 kDa) and HisJ (27 kDa) fall in Class II.
5. Structural classiﬁcation of SBPs
The classiﬁcation of SBPs by Fukami-Kobayashi was performed
almost 11 years ago and many more structures of SBPs have since
been deposited in the protein database. Here we propose a new
classiﬁcation that is based on structural alignments of all publicly
available crystal structures of SBPs in January 2010.
SBPs available in the protein data bank (PDB), which are associ-
ated with membrane proteins and for which both functional andstructural data are available, are collected and summarized in
Table 1. The determined cluster, protein name, organism, ligand,
afﬁnity range, isoelectric point and the molecular weight are listed.
Furthermore Table 1 contains the resolution at which the structure
was determined, PDB code(s), and structural state (liganded, unli-
ganded, closed, and open) in which the protein has been crystal-
lized. The PDB was searched in two ways: (i) via structural
homology searches, using the FFAS server [43] and (ii) via protein
BLAST, searching against the PDB [44]. In both methods the se-
quences of all known SBPs were used as search entries, and the
process was repeated with members of all the clusters identiﬁed
in the subsequent analysis (Fig. 4). Proteins with 70% or higher
identity to the search query were not included in the table, except
for cases of proteins for which important functional data was avail-
able. Although the majority of SBPs that were used in the structural
alignment are proteins that are both structurally and biochemi-
cally characterized, the structures of eight proteins are included
that have not been functionally characterized (and thus have
unknown ligands). They were chosen on the basis of having low se-
quence identity to any of the existing, well characterized, SBPs
(veriﬁed via Psi-BLAST [44]).
Because the SBPs, for which high resolution structural informa-
tion and functional data are available (Table 1), are very diverse in
sequence, phylogenetic analyses based on multiple sequence align-
ments did not yield a stable tree (the sequence identity of the pro-
teins are often <20%, resulting in problematic alignments). We
therefore decided to cluster the SBPs based on structural similarity
instead of sequence similarity. The structures of the 107 SBPs
shown in Table 1 (103 closed structures and 4 open structures)
were pairwise superimposed with each other, using SSM Super-
pose with default parameters [45]. The resulting RMSD values
were converted, by taking the value to the power of 2.1, to values
that were empirically determined suitable for input into the kitch
program of the Phylip package (http://evolution.genetics.washing-
ton.edu/phylip) to produce a structural distance tree (Fig. 4). The
SBPs grouped into six deﬁned clusters (A–F), three of which (clus-
ters A, D and F) were further subdivided (see below). Three pro-
teins did not group with any of the six clusters. Since the method
used to produce the structural similarity tree could not be statisti-
cally veriﬁed (e.g. via bootstrapping), the clusters identiﬁed were
manually veriﬁed via superimposition and identiﬁcation of distin-
guishing features. The four structures that were included of pro-
teins in the open conformation were manually checked to verify
that they were properly superimposed with the other SBPs of their
respective cluster. In these cases the overlap consisted of one do-
main only. An overview of the characteristics of each (sub)cluster
is shown in Table 2. For every cluster we took one representative
member and highlighted the distinguishing feature of the cluster
in Fig. 3. The high structural similarity of the proteins within each
cluster is shown in Supplementary Fig. 3, where three structures
from each cluster were chosen for a structural overlay. The six clus-
ters will be described in detail below.6. Cluster A
Cluster A consists exclusively of Class III SBPs associated with
ABC-transporters. In addition, Class III proteins are not found any-
where else in the structural distance tree. The distinguishing char-
acteristic of Cluster A is an a-helix serving as the hinge between
the two domains (Fig. 3A, the helix is colored in orange). This helix
ensures a rigid overall structure reﬂected in the small movement of
both domains upon substrate binding. For example in BtuF, the SBP
of the vitamin B12 ABC importer from Escherichia coli, the open
structure rotates only by 4, when closing upon substrate binding
[46].
Table 1
Overview of substrate-binding proteins, associated with membrane protein complexes, available in the protein data bank (PDB) as of January 2010.
Cluster Protein Organism Ligand(s) Class Conformations available Highest
resolution (Å)
PDB code(s) Highest
afﬁnity (KD)
pI MW
(kDa)
Open-
unliganded
Open-
liganded
Closed-
unliganded
Closed-
liganded
A AdcAII Streptococcus pneumoniae Zinc III – – – Y 2.4 3CX33 n.d.a 5.3 34.7
A BtuF E. coli Vitamin B12 III Y – – Y 2.0 1N2Z, 1N4A, 1N4D, 2QI9 15 nM 8.8 29.4
A CeuE Campylobacter jejuni Enterobactin III – – – Y 2.4 2CHU n.d. 8.4 32.6
A FeuA B. subtilis Catecholate III Y – – Y 1.6 2WHY, 2WI8 n.d. 7.8 35.1
A FhuD E. coli Hydroxamate III – – – Y 2.0 1ESZ, 1K2V, 1K7S 0.3 lM 6.0 33.0
A FitE E. coli Siderophores III Y – – Y 1.82 3BE5, 3BE6 n.d. 6.4 34.5
A HtsA Staphylococcus aureus Staphyloferrin III Y – – – 1.35 3EIW, 3EIX n.d. 9.4 36.6
A IsdE S. aureus Heme III – – – Y 1.95 2Q8P, 2Q8Q n.d. 9.4 33.3
A Lbp Streptococcus pyogenes Zinc III – – – Y 2.45 3GI1 10 lM 7.9 34.2
A MntC Synechocystis sp. PCC 6803 Manganese III – – – Y 2.9 1XVL n.d. 4.4 36.1
A MtsA S. pyogenes Iron III – – – Y 1.9 3HH8 4.3 lM 6.4 34.4
A PhuT Shigella dysenteriae Heme III – – – Y 2.4 2R79 n.d. 7.1 31.1
A PsaA Streptococcus pneumoniae Zinc III – – – Y 2.0 1PSZ n.d. 5.3 34.6
A ShuT S. dysenteriae Heme III Y – – – 2.05 2RG7 n.d. 9.4 32.8
A TroA Treponema pallidum Zinc, manganese III Y – – Y 1.8 1K0F, 1TOA 7 nM 6.2 33.6
A ZnuA E. coli Zinc III Y – – Y 1.7 2PRS, 2PS0, 2PS3, 2PS9 20 nM 5.6 33.8
B ABP E. coli L-arabinose I – – – Y 1.7 1ABE, 1ABF 0.1 mM 6.2 35.6
B ALBP E. coli D-allose I Y – – Y 1.7 1GUB, 1GUD, 1RPJ 0.33 lM 6.7 32.9
B GGBP E. coli D-glucose, D-galactose I Y – – Y 0.92 2FVY, 2FW0, 2GBP, 2HPH, 2QW1,
3GA5
0.2 lM 5.7 35.7
B GGBP Salmonella typhimurium D-Glucose, D-galactose I Y – Y Y 1.9 1GCG, 2FVY, 2FW0, 3GA5 0.5 lM 5.8 35.8
B GGBP T. thermophilus D-glucose, D-galactose I – – – Y 1.56 2B3B, 2B3F 0.08 lM 9.2 45.4
B LBP E. coli L-leucine I – – – Y 1.5 1USG, 1USI, 1USK, 2LBP 0.4 lM 5.5 39.4
B LivJ (LIVBP) E. coli L-leucine, L-isoleucine, L-valine I Y Y – Y 1.7 1Z15, 1Z16, 1Z17, 1Z18, 2LIV 0.1 lM 5.5 39.1
B LsrB S. typhimurium Autoinducer-2 I Y – – Y 1.3 1TJY, 1TM2 n.d. 6.5 36.8
B LsrB Sinorhizobium meliloti Autoinducer-2 I – – – Y 1.8 3EJW n.d. 5.1 36.5
B LuxP Vibrio harveyi Autoinducer-2 I Y – – Y 1.5 1JX6, 1ZHH, 2HJ9 n.d. 5.6 41.5
B MBP E. coli Oligosaccharide I Y Y – Y 1.67 1ANF, 1DMB, 1EZ9, 1EZO, 1EZP, 1FQA,
1FQB, 1FQC, 1FQD, 1MDP, 1MDQ,
1OMP, 4MBP
0.16 lM 5.2 40.7
B MBP Terhoactinomyces vulgaris Oligosaccharide I – – – Y 2.3 2DFZ, 2ZYK 0.2 lM 9.0 45.8
B NPR-C Human cnp (22 a.a. peptide) I Y – – Y 2.0 1JDN, 1JDP 1 lM 5.5 49.5
B PnrA T. pallidum Inosine I – – – Y 1.7 2FQX, 2FQY, 2FQW 0.1 lM 4.8 37.8
B RBP E. coli D-Ribose I Y – – Y 1.6 1BA2, 1DBP, 1DRJ, 1DRK, 1URP, 2DRI 0.13 lM 7.0 31.0
B RBP Thermotoga maritima Ribose I Y – – Y 1.4 2FN8, 2FN9 n.d. 5.1 35.9
B TogB Yersinia enterocolitica Oligogalacturonide I Y – – Y 1.8 2UVG, 2UVH, 2UVI, 2UVJ n.d. 6.0 46.3
B YtfQ E. coli Oligosaccharide I – – – Y 1.2 2VK2 1.3 lM 6.9 34.4
C AppA B. subtilis Oligopeptide II – – – Y 1.6 1XOC n.d. 6.0 61.9
C DppA E. coli Dipeptide II Y – – Y 2.0 1DPP, 1DPE 1 lM 6.2 60.3
C NikA E. coli Nickel II Y – – Y 1.85 1UIU, 1UIV 11 lM 5.8 58.7
C OppA Lactococcus lactis Oligopeptide (5–35 a.a.) II Y Y – Y 1.3 3DRF, 3DRG, 3DRH, 3DRI, 3DRJ, 3DRK,
3FTO
0.1 lM 8.9 65.9
C OppA S. typhimurium Oligopeptide (3–5 a.a.) II Y – – Y 1.2 1B05, 1B0H, 1B1H, 1B2H, 1B32, 1B3F,
1B3G, 1B3H, 1B3L, 1B40, 1B46, 1B4H,
1B4Z, 1B51, 1B52, 1B58, 1B5H, 1B5I,
1B5 J, 1B6H, 1B7H, 1B9 J, 1JET, 1JEU,
1JEV, 1OLA, 1OLC, 1QKA, 1QKB,
1RKM, 2OLB, 2RKM
1 lM 6.1 61.3
C OppA Y. pestis Oligopeptide (3–5 a.a.) II – – – Y 1.8 2OLB n.d. 5.8 61.7
(continued on next page)
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Table 1 (continued)
Cluster Protein Organism Ligand(s) Class Conformations available Highest
resolution (Å)
PDB code(s) Highest
afﬁnity (KD)
pI MW
(kDa)
Open-
unliganded
Open-
liganded
Closed-
unliganded
Closed-
liganded
C OppA2 Streptomyces clavuligerus Arginine, oligopeptides II Y – – Y 1.45 2WOK, 2WOL, 2WOP n.d. 5.4 62.0
C tmCBP T. maritima Cellobiose II – – – Y 1.5 2O7I, 2O7J, 3I5O 0.8 lM 5.0 70.0
D 3CVG Coccidioides immitis n.d. II – – ? b ? 2.0 3CVG n.d. 6.7 31.7
D cFbpA C. jejuni Iron II – – – Y 1.4 1Y4T, 1Y9U n.d. 8.8 37.4
D FbpA Mannheimia haemolytica Iron II Y Y – Y 1.2 1SI0, 1SI1, 1Q35 n.d. 8.2 38.0
D FcsSBP S. pneumoniae Oligosaccharide II – – – Y 2.35 2W7Y 1 lM 5.7 46.5
D FutA1 Synechocystis sp. PCC 6803 Iron II Y – – Y 1.7 2PT1, 2PT2, 3F11 n.d. 4.9 39.4
D FutA2 Synechocystis sp. PCC 6803 Iron II Y – – Y 20 2VOZ, 2VP1 n.d. 5.8 38.2
D hFBP Haemophilus inﬂuenzae Iron II – – – Y 1.6 1MRP, 1D9V n.d. 8.7 36.2
D nFBP Neisseria gonorrhoeae Iron II – – – Y 1.7 1O7T n.d. 9.6 35.9
D PBP E. coli Phosphate II – – – Y 0.98 1IXH, 2ABH 3 lM 8.4 37.0
D PEB3 C. jejuni Citrate II – – – Y 1.6 2HXW n.d. 9.4 25.6
D PotD E. coli Putrescine, spermidine II – – – Y 1.8 1POT, 1POY 3.2 lM 5.2 38.9
D PotD T. pallidum Putrescine, spermidine II – – – Y 1.8 2V84 10 nM 6.4 39.8
D PotF E. coli Putrescine II – – – Y 2.3 1A99 2.0 lM 5.9 40.8
D PstS Y. pestis Phosphate II – – – Y 2.0 2Z22 n.d. 8.7 36.7
D PstS-1 Mycobacterium tuberculosis Phosphate II – – – Y 2.16 1PC3 3 lM 5.1 38.3
D SfuA Y. enterocolitica Iron II – – – Y 1.8 1XVY n.d. 9.0 36.2
D SulfateBP S. typhimurium Sulfate II – – – Y 1.7 1SBP 0.12 lM 7.2 36.6
D TbpA E. coli Thiamine II – – – Y 2.25 2QRY 2.3 nM 6.9 36.2
E DctP6 Bordetella pertussis Pyroglutamic acid II – – – Y 1.8 2PFZ n.d. 9.1 35.7
E DctP7 B. pertussis Pyroglutamic acid II – – – Y 2.2 2PFY 0.3 lM 9.1 34.7
E SiaP H. inﬂuenzae Sialic acid II Y – – Y 1.7 2CEY, 2CEX 58 nM 6.4 36.5
E TakP Rhodobacter sphaeroides 2-Keto acids II Y – – Y 1.4 2HZK, 2HZL 18 nM 5.6 40.0
E TeaA Halomonas elongata Ectoine II – – – Y 1.55 2VPO 0.19 lM 4.2 38.3
E TM0322 T. maritima n.d. II Y – – – 1.9 2HPG n.d. 6.0 38.2
E TTHA0766 T. thermophilus Ca+-lactate II – – – Y 1.4 2ZZV, 2ZZW, 2ZZX n.d. 9.5 40.8
E UehA Silicibacter pomeroyi Ectoine II – – – Y 2.9 3FXB 1.1 lM 4.3 37.3
F 3C9H Agrobacterium tumefaciens n.d. II – – ? ? 1.9 3C9H n.d. 5.9 39.9
F 3HN0 Parabacteroides distasonis Nitrate II – – ? ? 1.7 3HN0 n.d. 8.4 33.6
F AF1704 Archaeoglubus fulgidus n.d. II – – ? – 2.3 1ZBM n.d. 4.8 30.8
F ArtJ Geobacillus stearothermophilus L-arginine, L-lysine, L-histidine II – – – Y 1.8 2PVU, 2Q2A, 2Q2C 39 nM 5.2 29.8
F ChoX S. meliloti Choline II Y – Y Y 1.8 2REG, 2REJ, 2RF1, 2RIN, 3HCQ 2.7 lM 4.6 34.0
F CjaA C. jejuni L-Cysteine II – – – Y 2.0 1XT8 0.1 lM 6.2 30.9
F CmpA Synechocystis sp. PCC 6803 Bicarbonate II Y – – Y 1.35 2I48, 2I49, 2I4B, 2I4C 5 lM 5.5 49.5
F EhuB S. meliloti Ectoine II – – – Y 1.9 2Q88, 2Q89 0.5 lM 5.0 29.6
F GlnH E. coli L-Glutamine II Y – – Y 1.94 1WDN, 1GGG 0.5 lM 8.5 27.2
F GluR0 Nostoc punctiforme L-Glutamate II – – – Y 2.1 2PYY 25 lM 5.4 25.1
F GluR2 Rattus norvegicus L-Glutamate II – – – Y 1.5 1GR2, 1M5B, 1M5C, 1M5E, 1M5F 12 nM 8.2 30.7
F GluR3 R. norvegicus L-Glutamate II – – – Y 1.9 3DLN, 3DP4 40 lM 9.1 30.9
F GluR4 R. norvegicus L-Glutamate II – – – Y 1.4 3FAS, 3FAT 26 nM 9.0 29.0
F GluR5 R. norvegicus L-Glutamate II – – – Y 1.8 2F34, 2F35, 2F36 57 nM 8.3 29.2
F GluR6 R. norvegicus L-Glutamate, kianate II – – – Y 1.7 1S50, 1S7Y, 1S9T, 1SD3, 1TT1, 1TXF 35 nM 5.9 29.3
F GmpC S. aureus Dipeptide (GlyMet) II – – – Y 1.7 1P99 n.d. 9.0 30.5
F Gna1946 N. meningitidis L-Methionine II – – – Y 2.1 3GXA, 3IR1 n.d. 5.2 31.3
F HisJ E. coli L-Histidine II – – – Y 1.9 1HPB, 1HSL 40 nM 6.1 28.4
F LAOBP S. typhimurium L-Lysine, L-Arginine, L-Ornithine II Y – – Y 1.8 1LAF, 1LAG, 1LAH, 1LST, 2LAO 14 nM 6.0 28.2
F ModA A. fulgidus Molybdate, tungsten II – – – Y 1.55 2ONR, 2ONS n.d. 5.6 38.6
F ModA Azotobacter vinelandii Molybdate, tungsten II – – – Y 1.2 1ATG n.d. 9.0 24.4
F ModA E. coli Molybdate, tungsten II – – – Y 1.7 1AMF, 1WOD 3 lM 8.0 27.4
F NR1 R. norvegicus Glycine, serine II – Y – Y 1.4 1PB7, 1PB8, 1PB9, 1PBQ 4 nM 8.1 33.3
F NR2A R. norvegicus L-Glutamate, glycine II – – – Y 1.7 2A5S, 2A5T n.d. 7.7 31.8
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Fig. 2. Slice through surface representation of OppA structure from L. lactis, with
the top panel showing the closed state and the ligand-binding cavity completely
buried inside the protein. Lower panel shows the open conformation, which
exposes the ligand-binding site to the solvent. Figure reprinted from Ooij (2009),
with the permission of the Nature Publishing Group.
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this cluster the SBPs can be divided further into two subclusters
(A-I and A-II) based on their cognate substrates. In A-I the SBPs
either bind metal ions (iron, zinc, or manganese) via direct interac-
tions with the metal ion, and in A-II they bind chelated metals, by
siderophores like enterobactin, catecholate and hydroxamate or
heme. BtuF clusters together with this latter subgroup [47].7. Cluster B
Cluster B consists of Class I SBPs binding mainly carbohydrates
(such as ribose, glucose and arabinose), but also branched chain
amino acids, natriuretic peptides and autoinducer-2 (AI-2). The
SBPs in cluster B interact with ABC-transporters, two-component
histidine-sensory complexes and guanylate cyclase-atrial natri-
uretic peptide receptors. This cluster contains SBPs with three
hinges between the two domains (highlighted in Fig. 3B in orange).
Therefore the N- and C-terminus are not located within the same
domain.
Homologous to the proteins in cluster B are the lac-repressor
type transcription factors, such as the LacR, PurR and CcpA [12–
14,28]. The SBD of these proteins belong to Class I (Fig. 5), and they
cluster together with the other Class I proteins in cluster B (visual-
ized with a subset of the proteins from Table 1 in Suppl. Fig. 4).
From their amino acid sequence they are also homologous to the
cluster B proteins, with closest resemblance to the ribose-binding
protein from E. coli [9].
Table 2
Overview of the determined clusters of SBPs (Figs. 3 and 4), with information of their ligand speciﬁcity, class and additional features.
Cluster Types of ligands Classiﬁcation by
Fukami-Kobayashi
et al. [37]
Additional information
A-I Metal ions Class III Only associated with ABC-transporters
A-II Siderophores Class III Only associated with ABC-transporters
B Carbohydrates, Leu, Ile, Val,
Autoinducer-2, Natriuretic peptide
Class I Associated with ABC transporters, guanylate cyclase-atrial natriuretic peptide receptors and
two-component sensor kinases. Homologous to lac-repressor type of transcription factors
C Di- and oligopeptides, Arg,
cellobiose, nickel
Class II Only associated with ABC-transporters; extra large domain
D-I Carbohydrates Class II Only associated with ABC-transporters; extra domain
D-II Putrescine, thiamine Class II Only associated with ABC-transporters
D-III Tetrahedral oxyanions Class II Only associated with ABC-transporters
D-IV Iron ions Class II Only associated with ABC-transporters
E Sialic acid, 2-keto acids, ectoine,
pyroglutamic acid
Class II Only associated with TRAP-transporters
F-I Trigonal planar anions, unknown
ligands
Class II Only associated with ABC-transporters
F-II Methionine Class II Only associated with ABC-transporters
F-III Compatible solutes Class II Only associated with ABC-transporters
F-IV Amino acids Class II Associated with ABC transporters, ligand-gated ion channels and GPCRs
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The proteins belonging to cluster C are all Class II SBPs interact-
ing with ABC-transporters. They bind very different ligands, such
as di- and oligopeptides, arginine, nickel ions and cellobiose. Spe-
ciﬁc for the SBP in this cluster is their large size, ranging from 55Fig. 3. The different clusters of SBPs are shown with their distinct structural feature color
two domains in the form of a rigid helix. (B) Cluster B contains SBPs with three interconn
extra domain and are signiﬁcantly larger in size when compared with the others. (D) C
associated with TRAP-transporters which all contain a large helix functioning as hinge
these hinges have almost double the length creating more ﬂexibility inside the SBP. Please
SBP (see text). The proteins used to illustrate the features in clusters A–F were BtuF (P
1ONR), UehA (PDB code: 3FXB) and HisJ (PDB code: 1HSL), respectively.to 70 kDa. When compared to other SBPs they all have an extra do-
main, as highlighted in Fig. 3C. Only for some of these proteins the
function of these domains has been clariﬁed. For AppA fromBacillus
subtilis and OppA from Lactococcus lactis, it has been shown that
the extra domain is taking part in extending the oligopeptide-bind-
ing cavity [48,49] in order to accommodate their large ligands. Theed in orange. (A) Cluster A contains proteins having a single connection between the
ecting segments between the two domains. (C) Cluster C contains SBPs that have an
luster D contains SBPs with two relative short hinges. (E) Cluster E contains SBPs
region. (F) Cluster F contains SBPs with two hinges similar like cluster D, however,
note that clusters A, D and F can be further subdivided based on the substrate of the
DB code: 1N2Z), RBP (PDB code: 1DRJ), OppA (PDB code: 3DRF), ModA (PDB code:
Fig. 4. Structural distance tree of the SBPs described in Table 1. Six well-deﬁned clusters (A–F) were identiﬁed that were manually veriﬁed via superimposition and
identiﬁcation of distinguishing features. For a brief description of each cluster, see Table 2.
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Fig. 5. Cartoon representation of the lac-type purine repressor PurR (PDB code: 1PNR). (A) PurR monomer with the DNA-binding domain highlighted in green, the three
interconnecting segments between the two domains (the distinguishing feature of SBPs of cluster B in orange. (B) PurR dimer, with the second monomer colored light gray
and the bound DNA colored purple.
2614 R.P.-A. Berntsson et al. / FEBS Letters 584 (2010) 2606–2617fact that the nickel binding protein NikA has an extra domain is
surprising, as other metal binding proteins (Table 1) are not as
large in size and do not contain an extra domain. Despite the differ-
ences in size within this cluster all of these proteins align very well
on a structural level as shown in Supplementary Fig. 3C.9. Cluster D
This cluster exclusively contains SBPs belonging to Class II. The
discernible feature of these proteins is that their hinge-region con-
sists of two short strands, 4–5 amino acids long (Fig. 3D). This large
group of SBPs binds a large variety of substrates; carbohydrates,
putrescine, thiamine, tetrahedral oxyanionaswell as ferric or ferrous
iron. Thesubclusters found in this cluster correspond to the substrate
speciﬁcity of theproteins. A structural differencebetween these sub-
clusters was not observed upon superimposition (Supplementary
Fig. 3D). Likely, these subclusters are present due to the speciﬁc ori-
entation and composition of the binding sites in these SBPs.
The ﬁrst subcluster (D-I) contains a rather narrow substrate
spectrum consisting of only carbohydrates such as maltose, glu-
cose and galacturonide. Inspection of the structural distance tree
reveals that these proteins have a larger similarity to the proteins
in clusters C–F, than to the proteins in cluster B, although these
proteins bind similar ligands. However, this subcluster has two
additional distinguishing features when compared to the proteins
of cluster B, namely size and domain organization. In subcluster
D-I the SBPs are all slightly larger, with molecular weights above
40 kDa compared to 35 kDa of cluster B SBPs, and they all seem
to have one small extra subdomain, as described for the maltose-
binding protein (MBP), which is the best characterized member
of this subgroup [50].
A second, small, subcluster (D-II) contains polyamine-binding
proteins, as well as the thiamine-binding protein TbpA. The third
subcluster (D-III) is a very well-deﬁned structural cluster, withproteins that bind tetrahedral oxyanions, and consists of molyb-
date-, sulfate-, and phosphate-binding proteins, like the molybdate
binding protein ModA from Archaeoglobus fulgidus [51].
The last subcluster (D-IV) contains only iron-binding proteins
(FBPs). They all bind either ferrous or ferric iron, usually via direct
interactions with protein side-chains. A subset of the proteins (e.g.
hFBP) also chelates the iron via a synergistic anion, whereas others
do not require a bound anion (e.g. SfuA). The coordination of the
iron ion, especially those that chelate the metal via a bound anion,
is remarkably similar to mammalian transferrins, and these pro-
teins have also been referred to as bacterial transferrins [52]. How-
ever, the similarities in the metal coordination between the FBPs
and the mammalian transferrins are believed to have arisen by
convergent evolution [53].10. Cluster E
In this cluster all substrate-binding proteins are part of the
TRAP transporter (tripartite ATP-independent periplasmic trans-
porter) family. In contrast to ABC transporters, the TRAP-trans-
porter use an electrochemical gradient (of H+ or Na+) to fuel the
uphill translocation of substrates. The remarkable feature of
TRAP-SBPs is a large single b-strand that is part of each of the 2
ﬁve-stranded b-sheets of the domains. All TRAP-dependent SBPs
structurally characterized so far have conserved features, such as
the strand order, typical of Class II SBPs (b2b1b3bnb4), an additional
b-strand connecting both domains as well as the number and posi-
tioning of the ﬂanking a-helices. A second distinguishing feature is
a long helix (residues 225–260 of UehA [54]) that spans both do-
mains. Such a long helix is found in all crystal structures of SBP
proteins reported for TRAP-transporters, although in some struc-
tures this helix is interrupted by a kink. (Fig. 3E and Supplementary
Fig. 3E). Please note that the SBPs of TRAP transporters are also re-
ferred to as ESR (extracellular receptors) to distinguish these pro-
R.P.-A. Berntsson et al. / FEBS Letters 584 (2010) 2606–2617 2615teins from the SBPs of ABC transporters. To date, only a few struc-
tures of TRAP transporter SBPs are known and the substrates in this
cluster are limited to ectoine, pyroglutamic acid, lactate, 2-keto
acids and sialic acid. The ligand-binding sites of UehA, TakP and
SiaP are similar, although they cannot bind the same substrates.
Recently, a selectivity helix has been described, explaining how
these SBPs with similar binding sites discriminate between their
substrates based on their size [54].
One member of this cluster, TakP, is one of the few prokaryotic
SBPs that are believed to function as dimers. Some SBPs associated
with ABC transporters have also been proposed to form dimers
[55,56]. It is howeverwell established that the greatmajority of pro-
karyotic SBPs act as monomers. The only other known example of a
prokaryoticdimeric SBP thatweare awareof is the iron-bindingpro-
tein FitE [57], belonging to cluster D. It is clear that these proteins
dimerize in solution, but whether these dimers are of physiological
relevance remains unclear and is not further discussed here.
11. Cluster F
Cluster F contain solely Class II SBPs, and like SBPs in cluster D
the distinguishing feature of the cluster F proteins is a hinge con-
taining two segments connecting domains I and II. However, the
hinges of the cluster F proteins are signiﬁcantly longer, 8–10 amino
acids (Fig. 3F) than the hinges of 4–5 amino acids typically ob-
served in SBPs of cluster D (Fig. 3D). Thereby more ﬂexibility be-
tween the open and closed conformation of these binding
proteins may be possible. Cluster F SBPs bind a large variety of sub-
strates ranging from trigonal planar anions (nitrate and bicarbon-
ate) to amino acids and compatible solutes such as glycine
betaine. The overall structure of the proteins within cluster F is
similar (Supplementary Fig. 3F), but they can be subdivided based
on their substrates.
Subcluster F-I proteins (e.g. NrtA and CmpA) bind trigonal pla-
nar anions (nitrate and bicarbonate). SsuA, has not been function-
ally characterized, but is annotated in the PDB as a nitrate-binding
protein. The other three proteins have not been functionally char-
acterized and are also not annotated in the PDB.
Subcluster F-II is a small cluster of proteins that bind methio-
nine. The outlier in the group is GmpC since it binds a dipeptide,
glycylmethionine, but the residues involved in binding of the
methionine of the dipeptide are conserved and similar to those
of the methionine SBPs.
Subcluster F-III is a small well-deﬁned cluster, binding the com-
patible solutes glycine betaine, proline betaine and choline. These
substrates are imported into the cell upon an osmotic upshift,
and thereby maintain the cell volume, crowding and intracellular
ionic strength within certain limits. All the proteins within this
cluster have not only a similar overall structure, but also very sim-
ilar ligand-binding sites. They coordinate the quaternary ammo-
nium group of their substrates via cation–p interactions. These
cation–p interactions are usually formed via a tryptophan prism,
as in ProX from E. coli and OpuAC from B. subtilis [58,59]. The bind-
ing site can also be made out of tyrosines as in ProX from A. fulgidus
[60]. Noteworthy is the difference in primary sequence between
OpuAC from B. subtilis and the other members in the cluster. Anal-
ysis of the sequence has revealed that a domain swap has taken
place, with OpuAC from B. subtilis having swapped domains I and
II when compared to the other proteins in this group.
Subcluster F-IV is a large subgroup consisting of Class II amino
acid-binding proteins, with the only exception being the ectoine-
binding protein EhuB. Even though these proteins often have the
possibility to bind other amino acids than their primary substrate,
they generally do so with an order of magnitude lower afﬁnity. In
all structurally examined amino acid-binding proteins, the amineand carboxyl groups are charge-neutralized and stabilized by a
couple of conserved residues. These are Asp161 and Arg77 in HisJ
[40], which interact with the amine and carboxyl group, respec-
tively. Hydrogen bonds are usually formed to the side-chains of
the amino acids, but due to their different sizes, polarity and struc-
tures, there is no conserved binding motif except for the charge
neutralization of the termini.
12. Discussion
SBPs have relatively low sequence similarity, but they share an
overall similar tertiary structure as previously described [5]. This is
also evident from analysis and the structural similarity tree pre-
sented here (Fig. 4). Although all SBPs are structurally related, six
well-deﬁned clusters can be recognized. Our structural classiﬁca-
tion is different from the classiﬁcation of Fukami-Kobayashi
et al., because on one hand many more structures of SBPs are avail-
able now compared to 11 years ago, and on the other hand because
our classiﬁcation is based solely on alignments of the 3D structures
of the proteins, and not on sequence similarity. However, it should
be noted that our classiﬁcation does not conﬂict with the one by
Fukami-Kobayashi; each cluster in our classiﬁcation only contains
one class of according to Fukami-Kobayashi [37].
Traditionally, and in contrast to structural classiﬁcations, SBPs
have been grouped into different groups on the basis of their
substrate speciﬁcity (metal-, carbohydrate-, vitamin-, tetrahedral
oxyanions-, compatible solutes-, amino acids- and peptide-binding
proteins) [4,5], but it is clear fromour analysis that SBPswith similar
structure do not necessarily bind the same ligands. Some of the
clusters contain proteins with similar types of ligands, but others
do not. For example, cluster C contains proteins which all have the
same scaffold, containing a large extra domain (Fig. 3C), but these
proteins have very different ligand speciﬁcities (arginine, di- and
oligopeptides, nickel and cellubiose). In other cases there is a corre-
lationbetweenstructural similarityand ligandspeciﬁcity. For exam-
ple in cluster D-III all SBPs bind tetrahedral oxyanions and in cluster
F-IV all the proteins bind amino acids (with the exception EhuB).
The association of SBPs with a large range of different protein
complexes (Fig. 1) illustrates the ﬂexibility and modularity of their
fold. Both in prokaryotes and eukaryotes, SBPs act mechanistically
in an analogous manner, they bind ligands which shift the equilib-
rium between an open and closed structure towards the closed
conformation (Supplementary Fig. 1). In SBPs associated with pro-
karyotic ABC or TRAP transporters the substrate is delivered to the
TMDs, which initiates the transmembrane translocation event. In
receptor and channel proteins (histidine kinases, glutamate recep-
tors, ligand-gated ion channels, guanylate cyclase-atrial natriuretic
peptide receptors), the binding of a ligand to the SBP domain also
induces a conformational change in the membrane protein com-
plex, but the ligand itself is not translocated across the membrane.
In the lac-type repressor proteins, ligand binding is associated with
conformational changes that cause the protein to alter its afﬁnity
towards its cognate DNA sequence, thereby affecting the gene
expression. The analysis performed by Fukami-Kobayashi et al.
[37] allowed for a sequence-based phylogenetic analysis of both
SBPs and their cognate ABC-transporters, which was used for a
reconstruction of evolution of the SBP fold. They proposed that
the Class I SBP was the progenitor that generated the Class II
SBP, and that the formation of Class II only happened once in the
evolution of SBPs. The method used by us does not allow for evo-
lutionary reconstruction, since only the deviation between the
3D structures was used as input. Nevertheless, the previous Fuka-
mi-Kobayashi et al. analysis is consistent with our structure-based
classiﬁcation. The conservation of the SBP structures suggest a case
of divergent evolution.
2616 R.P.-A. Berntsson et al. / FEBS Letters 584 (2010) 2606–2617Acknowledgments
The authors would like to thank Tejas Gandhi for providing the
scripts for the superimposition and conversion of the output ﬁles.
We apologize to all authors of the overwhelming number of publi-
cations on SBPs, which we could not all cite in this review. This
work was supported by grants from Marie Curie Early Stage Train-
ing (EST to R.B.), The Netherlands Organisation for Scientiﬁc Re-
search (NWO, Vidi grant to D.J.S/, Top-subsidy Grant 700.56.302
to B.P.) and the EU (EDICT program to BP, DJS and LS).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.04.043.
References
[1] Wilkinson, A.J. (2002) (Holland, B., Kuchler, K., Cole, S.P. and Higgins, C., Eds.),
ABC Proteins: From Bacteria to Man, Elsevier Science and Technology Books,
London.
[2] Berger, E.A. (1973) Different mechanisms of energy coupling for the active
transport of proline and glutamine in Escherichia coli. Proc. Natl. Acad. Sci. USA
70, 1514–1518.
[3] Berger, E.A. and Heppel, L.A. (1974) Different mechanisms of energy coupling
for the shock-sensitive and shock-resistant amino acid permeases of
Escherichia coli. J. Biol. Chem. 249, 7747–7755.
[4] Tam, R. and Saier, M.H. (1993) Structural, functional, and evolutionary
relationships among extracellular solute-binding receptors of bacteria.
Microbiol. Rev. 57, 320–346.
[5] Quiocho, F.A. and Ledvina, P. (1996) Atomic structure and speciﬁcity of
bacterial periplasmic receptors for active transport and chemotaxis: variation
of common themes. Mol. Microbiol. 20, 17–25.
[6] Gonin, S., Arnoux, P., Pierru, B., Lavergne, J., Alonso, B., Sabaty, M. and Pignol, D.
(2007) Crystal structures of an Extracytoplasmic Solute Receptor from a TRAP
transporter in its open and closed forms reveal a helix-swapped dimer
requiring a cation for alpha-keto acid binding. BMC Struct. Biol. 7, 11.
[7] Mulligan, C., Geertsma, E., Severi, E., Kelly, D., Poolman, B. and Thomas, G.
(2009) The substrate-binding protein imposes directionality on an
electrochemical sodium gradient-driven TRAP transporter. Proc. Natl. Acad.
Sci. USA 106, 1778–1783.
[8] Neiditch, M.B., Federle, M.J., Pompeani, A.J., Kelly, R.C., Swem, D.L., Jeffrey, P.D.,
Bassler, B.L. and Hughson, F.M. (2006) Ligand-induced asymmetry in histidine
sensor kinase complex regulates quorum sensing. Cell 126, 1095–1108.
[9] Felder, C.B., Graul, R.C., Lee, A.Y., Merkle, H.P. and Sadee, W. (1999) The Venus
ﬂytrap of periplasmic binding proteins: an ancient protein module present in
multiple drug receptors. AAPS PharmSci. 1, 1–20.
[10] Misono, K.S. (2002) Natriuretic peptide receptor: structure and signaling. Mol.
Cell Biochem. 230, 49–60.
[11] Armstrong, N. and Gouaux, E. (2000) Mechanisms for activation and
antagonism of an AMPA-sensitive glutamate receptor: crystal structures of
the GluR2 ligand binding core. Neuron 28, 165–181.
[12] Lewis, M., Chang, G., Horton, N.C., Kercher, M.A., Pace, H.C., Schumacher, M.A.,
Brennan, R.G. and Lu, P. (1996) Crystal structure of the lactose operon
repressor and its complexes with DNA and inducer. Science 271, 1247–1254.
[13] Friedman, A.M., Fischmann, T.O. and Steitz, T.A. (1995) Crystal structure of lac
repressor core tetramer and its implications for DNA looping. Science 268,
1721–1727.
[14] Schumacher, M.A., Choi, K.Y., Zalkin, H. and Brennan, R.G. (1994) Crystal
structure of LacI member, PurR, bound to DNA: minor groove binding by alpha
helices. Science 266, 763–770.
[15] Higgins, C.F. (1992) ABC transporters: from microorganisms to man. Annu.
Rev. Cell Biol. 8, 67–113.
[16] Biemans-Oldehinkel, E., Doeven, M.K. and Poolman, B. (2006) ABC transporter
architecture and regulatory roles of accessory domains. FEBS Lett. 580, 1023–
1035.
[17] Khare, D., Oldham, M.L., Orelle, C., Davidson, A.L. and Chen, J. (2009)
Alternating access in maltose transporter mediated by rigid-body rotations.
Mol. Cell 33, 528–536.
[18] van der Heide, T. and Poolman, B. (2002) ABC transporters: one, two or four
extracytoplasmic substrate-binding sites? EMBO Rep. 3, 938–943.
[19] Rodionov, D.A., Hebbeln, P., Gelfand, M.S. and Eitinger, T. (2006) Comparative
and functional genomic analysis of prokaryotic nickel and cobalt uptake
transporters: evidence for a novel group of ATP-binding cassette transporters.
J. Bacteriol. 188, 317–327.
[20] Rodionov, D.A., Hebbeln, P., Eudes, A., ter Beek, J., Rodionova, I.A., Erkens, G.B.,
Slotboom, D.J., Gelfand, M.S., Osterman, A.L., Hanson, A.D. and Eitinger, T.
(2009) A novel class of modular transporters for vitamins in prokaryotes. J.
Bacteriol. 191, 42–51.[21] Duurkens, R.H., Tol, M.B., Geertsma, E.R., Permentier, H.P. and Slotboom, D.J.
(2007) Flavin binding to the high afﬁnity riboﬂavin transporter RibU. J. Biol.
Chem. 282, 10380–10386.
[22] Erkens, G.B. and Slotboom, D.J. (2010) Biochemical characterization of ThiT
from Lactococcus lactis: a thiamin transporter with picomolar substrate
binding afﬁnity. Biochemistry 49, 3203–3212.
[23] Kelly, D.J. and Thomas, G.H. (2001) The tripartite ATP-independent
periplasmic (TRAP) transporters of bacteria and archaea. FEMS Microbiol.
Rev. 25, 405–424.
[24] Forward, J.A., Behrendt, M.C., Wyborn, N.R., Cross, R. and Kelly, D.J. (1997)
TRAP transporters: a new family of periplasmic solute transport systems
encoded by the dctPQM genes of Rhodobacter capsulatus and by homologs in
diverse gram-negative bacteria. J. Bacteriol. 179, 5482–5493.
[25] Stock, A.M., Robinson, V.L. and Goudreau, P.N. (2000) Two-component signal
transduction. Annu. Rev. Biochem. 69, 183–215.
[26] Potter, L.R. and Hunter, T. (2001) Guanylyl cyclase-linked natriuretic peptide
receptors: structure and regulation. J. Biol. Chem. 276, 6057–6060.
[27] Sobolevsky, A., Rosconi, M. and Gouaux, E. (2009) X-ray structure, symmetry
andmechanismof an AMPA-subtype glutamate receptor. Nature 462, 729–731.
[28] Schumacher, M.A., Allen, G.S., Diel, M., Seidel, G., Hillen, W. and Brennan, R.G.
(2004) Structural basis for allosteric control of the transcription regulator
CcpA by the phosphoprotein HPr-Ser46-P. Cell 118, 731–741.
[29] Ramseier, T.M., Nègre, D., Cortay, J.C., Scarabel, M., Cozzone, A.J. and Saier, M.H.
(1993) In vitro binding of the pleiotropic transcriptional regulatory protein,
FruR, to the fru, pps, ace, pts and icd operons of Escherichia coli and Salmonella
typhimurium. J. Mol. Biol. 234, 28–44.
[30] Quiocho, F.A., Phillips, G.N., Spurlino, J.C. and Rodseth, L.E. (1974)
Crystallographic data of an L-arabinose-binding protein from Escherichia coli.
J. Mol. Biol. 86, 491–493.
[31] Tang, C., Schwieters, C.D. and Clore, G.M. (2007) Open-to-closed transition in
apo maltose-binding protein observed by paramagnetic NMR. Nature 449,
1078–1082.
[32] Mao, B., Pear, M., McCammon, J. and Quiocho, F. (1982) Hinge-bending in L-
arabinose-binding protein. The Venus’s-ﬂytrap model. J. Biol. Chem. 257,
1131–1133.
[33] Bermejo, G.A., Strub, M., Ho, C. and Tjandra, N. (2010) Ligand-free open-closed
transitions of periplasmic binding proteins: the case of glutamine-binding
protein. Biochemistry 49, 1893–1902.
[34] Karpowich, N.K., Huang, H.H., Smith, P.C. and Hunt, J.F. (2003) Crystal
structures of the BtuF periplasmic-binding protein for vitamin B12 suggest a
functionally important reduction in protein mobility upon ligand binding. J.
Biol. Chem. 278, 8429–8434.
[35] Lee, Y., Dorwart, M.R., Hazlett, K.R.O., Deka, R.K., Norgard, M.V., Radolf, J.D. and
Hasemann, C.A. (2002) The crystal structure of Zn(II)-free Treponema pallidum
TroA, a periplasmic metal-binding protein, reveals a closed conformation. J.
Bacteriol. 184, 2300–2304.
[36] Trakhanov, S., Vyas, N., Luecke, H., Kristensen, D., Ma, J. and Quiocho, F. (2005)
Ligand-free and -bound structures of the binding protein (LivJ) of the
Escherichia coli ABC leucine/isoleucine/valine transport system: trajectory
and dynamics of the interdomain rotation and ligand speciﬁcity. Biochemistry
44, 6597–6608.
[37] Fukami-Kobayashi, K., Tateno, Y. and Nishikawa, K. (1999) Domain
dislocation: a change of core structure in periplasmic binding proteins in
their evolutionary history. J. Mol. Biol. 286, 279–290.
[38] Sack, J.S., Saper, M.A. and Quiocho, F.A. (1989) Periplasmic binding protein
structure and function. Reﬁned X-ray structures of the leucine/isoleucine/
valine-binding protein and its complex with leucine. J. Mol. Biol. 206, 171–191.
[39] Sack, J.S., Trakhanov, S.D., Tsigannik, I.H. and Quiocho, F.A. (1989) Structure of
the L-leucine-binding protein reﬁned at 2.4 Å resolution and comparison with
the Leu/Ile/Val-binding protein structure. J. Mol. Biol. 206, 193–207.
[40] Oh, B.H., Kang, C.H., Bondt, H.D., Kim, S.H., Nikaido, K., Joshi, A.K. and Ames,
G.F. (1994) The bacterial periplasmic histidine-binding protein. Structure/
function analysis of the ligand-binding site and comparison with related
proteins. J. Biol. Chem. 269, 4135–4143.
[41] Tame, J., Murshudov, G., Dodson, E., Neil, T., Dodson, G., Higgins, C. and
Wilkinson, A.J. (1994) The structural basis of sequence-independent peptide
binding by OppA protein. Science 264, 1578–1581.
[42] Lee, Y.H., Deka, R.K., Norgard, M.V., Radolf, J.D. and Hasemann, C.A. (1999)
Treponema pallidum TroA is a periplasmic zinc-binding protein with a helical
backbone. Nat. Struct. Biol. 6, 628–633.
[43] Jaroszewski, L., Rychlewski, L., Li, Z., Li, W. and Godzik, A. (2005) FFAS03: a
server for proﬁle–proﬁle sequence alignments. Nucleic Acids Res. 33, 284–
288.
[44] Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W. and
Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25, 3389–3402.
[45] Krissinel, E. and Henrick, K. (2004) Secondary-structure matching (SSM), a
new tool for fast protein structure alignment in three dimensions. Acta
Crystallogr. D: Biol. Crystallogr. 60, 2256–2268.
[46] Hvorup, R., Goetz, B., Niederer, M., Hollenstein, K., Perozo, E. and Locher, K.
(2007) Asymmetry in the structure of the ABC transporter binding protein
complex BtuCD-BtuF. Science 317, 1387–1390.
[47] Borths, E.L., Locher, K.P., Lee, A.T. and Rees, D.C. (2002) The structure of
Escherichia coli BtuF and binding to its cognate ATP binding cassette
transporter. Proc. Natl. Acad. Sci. USA 99, 16642–16647.
R.P.-A. Berntsson et al. / FEBS Letters 584 (2010) 2606–2617 2617[48] Levdikov, V.M., Blagova, E.V., Brannigan, J.A., Wright, L., Vagin, A.A. and
Wilkinson, A.J. (2005) The structure of the oligopeptide-binding protein, AppA,
from Bacillus subtilis in complex with a nonapeptide. J. Mol. Biol. 345, 879–
892.
[49] Berntsson, R.P., Doeven, M.K., Fusetti, F., Duurkens, R.H., Sengupta, D., Marrink,
S., Thunnissen, A., Poolman, B. and Slotboom, D. (2009) The structural basis for
peptide selection by the transport receptor OppA. EMBO J. 28,
1332–1340.
[50] Spurlino, J.C., Lu, G.Y. and Quiocho, F.A. (1991) The 2.3 Å resolution structure
of the maltose- or maltodextrin-binding protein, a primary receptor of
bacterial active transport and chemotaxis. J. Biol. Chem. 266, 5202–5219.
[51] Hollenstein, K., Frei, D.C. and Locher, K.P. (2007) Structure of an ABC
transporter in complex with its binding protein. Nature 446, 213–216.
[52] Dhungana, S., Taboy, C.H., Anderson, D.S., Vaughan, K.G., Aisen, P., Mietzner,
T.A. and Crumbliss, A.L. (2003) The inﬂuence of the synergistic anion on iron
chelation by ferric binding protein, a bacterial transferrin. Proc. Natl. Acad. Sci.
USA 100, 3659–3664.
[53] Bruns, C.M., Nowalk, A.J., Arvai, A.S., McTigue, M.A., Vaughan, K.G., Mietzner,
T.A. and McRee, D.E. (1997) Structure of Haemophilus inﬂuenzae Fe(+3)-
binding protein reveals convergent evolution within a superfamily. Nat.
Struct. Biol. 4, 919–924.
[54] Lecher, J., Pittelkow, M., Zobel, S., Bursy, J., Bönig, T., Smits, S.H.J., Schmitt, L.
and Bremer, E. (2009) The crystal structure of UehA in complex with ectoine –
a comparison with other TRAP-T binding proteins. J. Mol. Biol. 389, 58–73.[55] Richarme, G. (1982) Associative properties of the Escherichia coli galactose
binding protein and maltose binding protein. Biochem. Biophys. Res.
Commun. 105, 476–481.
[56] Richarme, G. (1983) Associative properties of the Escherichia coli galactose-
binding protein and maltose-binding protein. Biochim. Biophys. Acta 748, 99–
108.
[57] Shi, R., Proteau, A., Wagner, J., Cui, Q., Purisima, E.O., Matte, A. and Cygler, M.
(2009) Trapping open and closed forms of FitE: a group III periplasmic binding
protein. Proteins 75, 598–609.
[58] Horn, C., Sohn-Bösser, L., Breed, J., Welte, W., Schmitt, L. and Bremer, E. (2006)
Molecular determinants for substrate speciﬁcity of the ligand-binding protein
OpuAC from Bacillus subtilis for the compatible solutes glycine betaine and
proline betaine. J. Mol. Biol. 357, 592–606.
[59] Smits, S.H.J., Höing, M., Lecher, J., Jebbar, M., Schmitt, L. and Bremer, E. (2008)
The compatible-solute-binding protein OpuAC from Bacillus subtilis: ligand
binding, site-directed mutagenesis, and crystallographic studies. J. Bacteriol.
190, 5663–5671.
[60] Schiefner, A., Holtmann, G., Diederichs, K., Welte, W. and Bremer, E. (2004)
Structural basis for the binding of compatible solutes by ProX from the
hyperthermophilic archaeon Archaeoglobus fulgidus. J. Biol. Chem. 279, 48270–
48281.
[61] Muto, T., Tsuchiya, D., Morikawa, K. and Jingami, H. (2007) Structures of the
extracellular regions of the group II/III metabotropic glutamate receptors.
Proc. Natl. Acad. Sci. USA 104, 3759–3764.
